The anti-malaria drug chloroquine is well known as autophagy inhibitor. Chloroquine has also been used as anti-inflammatory drugs to treat inflammatory diseases. We hypothesized that chloroquine could have a dual effect in liver ischemia/reperfusion (I/R) injury: chloroquine on the one hand could protect the liver against I/R injury via inhibition of inflammatory response, but on the other hand could aggravate liver I/R injury through inhibition of autophagy. Rats (n ¼ 6 per group) were pre-treated with chloroquine (60 mg/kg, i.p.) 1 h before warm ischemia, and they were continuously subjected to a daily chloroquine injection for up to 2 days. Rats were killed 0.5, 6, 24 and 48 h after reperfusion. At the early phase (i.e., 0-6 h after reperfusion), chloroquine treatment ameliorated liver I/R injury, as indicated by lower serum aminotransferase levels, lower hepatic inflammatory cytokines and fewer histopathologic changes. In contrast, chloroquine worsened liver injury at the late phase of reperfusion (i.e., 24-48 h after reperfusion). The mechanism of protective action of chloroquine appeared to involve its ability to modulate mitogen-activated protein kinase activation, reduce high-mobility group box 1 release and inflammatory cytokines production, whereas chloroquine worsened liver injury via inhibition of autophagy and induction of hepatic apoptosis at the late phase.
Ischemia/reperfusion (I/R) injury occurs during the procedure of liver transplantation, liver resection, trauma and other surgical procedures when the liver is transiently deprived of oxygen and subsequently re-oxygenated. 1, 2 Injury to the liver caused by I/R has been shown be associated with increased rate of acute liver failure/graft rejection and chronic liver dysfunction after liver transplantation.
The mechanism of liver damage after I/R has been studied extensively. The signaling events contributing to cellular and tissue damage are diverse and complex, and consist of complex interactions of multiple inflammatory pathways. [3] [4] [5] Proinflammatory cytokines, such as high-mobility group box 1 (HMGB1), tumor necrosis factor (TNF)-a and interleukin (IL)-1b are known to increase in serum and liver tissue on reperfusion and have a pivotal role in the pathophysiology of hepatic I/R injury. [6] [7] [8] [9] Chloroquine, a well-known anti-malaria drug, has also been frequently used in the treatment of inflammatory diseases, including rheumatoid arthritis and systemic lupus erythematodes. 10 It has been suggested that the therapeutic effect of chloroquine in these diseases is related to its immunoregulatory potency. Recent evidences have shown that chloroquine inhibits proinflammatory cytokine production by macrophages or monocytes after stimulation with lipopolysaccharide (LPS) or CpG oligonucleotide (CpG ODN). [11] [12] [13] In vivo, chloroquine protected mice from lethal doses of LPS or CpG ODN through a decrease of proinflammatory cytokine release. 11 Furthermore, chloroquine protected mice from sepsis-induced acute kidney injury and decreased serum inflammatory cytokines levels. 14 Prompted by these results, we hypothesized that chloroquine could also possess anti-inflammatory abilities to protect from or reduce hepatic I/R injury, which is characterized as inflammatory injury.
In contrast to its ability to inhibit inflammation, there is a growing body of evidence suggesting that chloroquine administration worsens I/R injury via inhibition of autophagy. 15, 16 Chloroquine also induced apoptosis both in vitro and in vivo via the inhibition of autophagic protein degradation. [17] [18] [19] [20] Autophagy is involved in various physiological processes, such as liver diseases, cancer and aging, but also I/R injury. [21] [22] [23] [24] During hepatic I/R injury, autophagy was induced in the liver. Induction of autophagy was associated with a pro-survival activity allowing the cell for coping with nutrient starvation and anoxia. Induction of autophagy is associated with attenuation of I/R injury. 21 These previous results led us to hypothesize that chloroquine could also worsen liver injury via inhibition of hepatic autophagy and induction of hepatic apoptosis after I/R injury.
Given that inhibition of inflammation reduces hepatic I/R injury, and that inhibition of autophagy may worsen hepatic I/R injury, we hypothesized that chloroquine, an anti-inflammatory and autophagy inhibitory drug could have a dual effect in liver I/R injury; chloroquine on the one hand could protect the liver against I/R injury via inhibition of inflammatory response, but on the other hand could aggravate liver I/R injury through inhibition of autophagy and induction of apoptosis. Therefore, the aim of this study was to investigate the preconditioning effects of chloroquine administration on rat hepatic I/R injury.
Results
Chloroquine reduces liver injury in the early reperfusion phase, but worsens liver injury during the late reperfusion phase after hepatic ischemic injury. To determine whether chloroquine treatment could affect liver I/R injury, chloroquine was administrated to rats 1 h before warm ischemia followed by a daily injection for up to 2 days. Liver warm I/R resulted in significant increase in serum levels of alanine transaminase (ALT) and aspartate aminotransferase (AST). As shown in Figure 1a , following 60 min of warm ischemia, chloroquine treatment decreased I/R injury at 0.5 and 6 h as indicated by lower liver enzymes (Po0.05). However, the serum levels of ALT and AST were much higher following 24-and 48-h reperfusion when compared Figure 1 Chloroquine treatment prevented liver I/R injury at early phase, but worsened at late phase following I/R injury. Rats were pre-treated with either chloroquine (60 mg/kg) or vehicle (saline) 1 h before warm ischemia, followed by an additional chloroquine injections at 24 h after reperfusion. Following 60 min (a) or 90 min (b) of warm ischemia, liver injury was assessed at various time points following reperfusion by determination of serum AST and ALT levels. Data are shown as mean ± S.D. *Po0.05 compared with vehicle-treated I/R group. (c) Routine histopathology was performed on formalin-fixed liver sections obtained from rats that had undergone 60 min of ischemia followed by 6-and 24-h reperfusion, respectively (original magnification Â 400). Representative images from six rats per group were selected with vehicle-injected rats (Po0.05). To further confirm the dual effects of chloroquine on liver I/R injury, additional rats were subjected to 90 min of warm I/R. Chloroquine treatment caused a similar dual effect in terms of liver injury when rats were subjected to prolonged warm ischemic insult ( Figure 1b) . Liver histology confirmed the findings regarding liver injury described above. Moderate hepatocellular necrosis, cytoplasmic vacuolization of hepatocytes and sinusoidal dilation were observed 6 h after reperfusion in vehicle-treated rats. In contrast, minor hepatocellular necrosis and slight sinusoidal dilation were observed in chloroquine treatment group. However, chloroquine-treated rats showed more severe cytoplasmic vacuolization and hepatocellular necrosis 24 h after reperfusion when compared with vehicle-treated rats ( Figure 1c ; Table 1 ).
Chloroquine treatment decreases hepatic inflammatory cytokines gene expression. The expression of hepatic mRNA for TNF-a, IL-6, IL-1b and inducible nitric oxide synthase (iNOS) were measured by quantitative PCR. As shown in Figure 2 , following 60-min warm ischemia, hepatic TNF-a, IL-6, IL-1b and iNOS expression levels were increased at 0.5 and 6 h in both vehicle treatment group and chloroquine treatment group when compared with shamoperated controls. However, chloroquine-treated rats exhibited minimal increases in hepatic TNF-a, IL-6, IL-1b and iNOS mRNA levels compared with vehicle-injected animals, accounting for about a 5-, 20-, 10-and 5-fold decrease at 6 h of reperfusion, respectively.
Chloroquine treatment decreases HMGB1 release at early phase. HMGB1 is a cytokine, which is released during hepatic ischemia and in the early reperfusion phase. 8, 9 As shown in Figure 3a , nuclear HMGB1 staining in hepatocytes was substantial loss in vehicle-injected control rats as early as 0.5 h after reperfusion, In contrast, pre-treatment with chloroquine largely prevents this loss of nuclear HMGB1 staining. To assess the extracellular release of HMGB1 after warm liver I/R injury, serum HMGB1 concentration was quantified using an enzyme-linked immunosorbent assay (ELISA). As shown in Figure 3b , warm I/R injury caused HMGB1 release in both vehicle-treated rats and chloroquinetreated rats. Serum levels of HMGB1 were highest at 0.5 h after reperfusion (7.78±2.62 ng/ml), and gradually decreased thereafter (6 h: 2.03 ± 0.56 versus normal control: 0.68 ± 0.32ng/ml, Po0.05). In contrast, chloroquine-treated rats showed lower serum HMGB1 levels when compared with vehicle-treated rats. The serum levels of HMGB1 were drastically decreased following reperfusion, to 1.40±0.41, 1.28 ± 0.45 ng/ml at 0.5 and 6 h, respectively (Po0.01).
Chloroquine treatment modulates liver I/R-induced inflammatory signaling pathways. Among the most proximal events in I/R is the activation of mitogen-activated protein (MAP) kinases. 25 To determine if chloroquine pre-treatment influenced MAP kinase activation, we assessed phosphorylation of extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38. As shown in Figure 4 , after I/R, phosphorylation p38 and JNK was increased in vehicle-treated rats. In contrast, phosphorlation of JNK was decreased, whereas phosphorylation of p38 was increased in chloroquine-injected rats. Phosphorylation of ERK was increased at 0.5 h, decreased at 6 h and then recovered thereafter. This dephosphorylation was partially prevented by chloroquine treatment. Treatment with chloroquine did not affect total cellular levels of JNK, p38 and ERK. These data suggest that chloroquine could act upstream of MAP kinase activation.
Chloroquine treatment decreases autophagy. Autophagy is a highly conserved cellular process that recycles damaged and or long-lived proteins and organelles. 23, 24 Growing evidences showed that chloroquine decreased autophagy in a number of cell types. 26 To determine whether chloroquine could inhibit hepatic autophagy following I/R, western blots were performed for microtubule-associated protein light chain 3 (LC3) and p62 on livers obtained from rats pre-treated with either chloroquine or vehicle. As shown in Figure 5 , shamoperated rats had low levels of LC3-II. Following 60 min of warm ischemia, LC3-II protein was increased at 6 h after reperfusion, but decreased p62 expression. In contrast, chloroquine treatment increased significantly LC3-II and p62 expression in response to liver I/R. These data indicated chloroquine inhibited hepatic post-ischemic autophagy.
Chloroquine treatment increases hepatic apoptosis. It has been reported that chloroquine-induced apoptosis both in vitro and in vivo via the inhibition of autophagic protein degradation. [17] [18] [19] [20] Prompted by these findings, we focused our studies on the expression of the apoptotic protein caspase-3 and caspase-7. As shown in Figure 6 , caspase-3 cleavage was increased in response to liver I/R. In contrast, chloroquine treatment increased liver I/R-induced caspase-3 cleavage. Furthermore, as with caspase-3, chloroquinetreated rats demonstrated significantly higher hepatic cleaved caspase-7 levels when compared with vehicleinjected rats. These data indicate that chloroquine treatment could increase I/R-induced apoptosis. Induction of apoptosis in the late phase of reperfusion was associated with an increased hepatic injury as indicated by the elevated liver enzyme and the severe histopathologic changes.
Discussion
The anti-malaria drug chloroquine is well known as autophagy inhibitor. The compound is also known as drug with 
Dual role of chloroquine in liver I/R injury H Fang et al anti-inflammatory properties. However, it was reported recently that chloroquine treatment aggravated I/R injury, which is characterized as inflammatory injury. 15, 16 This was the reason to investigate the effects of chloroquine in liver I/R injury and the underlying mechanisms in detail.
To the best of our knowledge, this is the first report showing that chloroquine has a dual effect in liver I/R injury. Following 60 or 90 min of warm ischemia, chloroquine treatment reduced liver injury at 0.5 and 6 h, but aggravated liver injury at 24 and 48 h after reperfusion. In the early phase (i.e., 0-6 h after reperfusion), the protective effect of chloroquine treatment was associated with a modulation of MAP kinase activation, inhibition of HMGB1 release and reduction of inflammatory cytokine production. In contrast, in the late phase of reperfusion (i.e., 24-48 h after reperfusion), chloroquine treatment was associated with an aggravation of liver injury, an inhibition of autophagy and an induction of apoptosis.
To study the mechanism of protection in chloroquine treatment in the early phase after reperfusion, we investigated its effect on proinflammatory cytokines expression. Chloroquine has been extensively used in the treatment of chronic inflammatory diseases. 27 We hypothesized that chloroquine may also possess anti-inflammatory abilities in liver I/R injury, which is also regarded as an inflammatory injury. To study the effects of chloroquine on proinflammatory cytokine gene expression, rats were preconditioned with chloroquine before the ischemic insult. We demonstrated that following 60 min of warm ischemia, chloroquine treatment reduced TNF-a, IL-6, IL-1b and iNOS gene expression at 0.5 and 6 h after reperfusion. These cytokines are known to have a pivotal role in the pathophysiology of hepatic I/R injury. 6, 7, 28 Recent studies suggest that extracellular HMGB1, released from damaged liver cells, causes a proinflammatory intra-hepatic micro-environment in the post-ischemic liver. Therefore, we investigated whether chloroquine treatment could modulate the release of HMGB1. Consistent with the findings in our previous studies and from other groups, HMGB1 was mainly present in the nucleus of hepatocytes in normal livers, and translocated from nucleus to cytoplasm on liver I/R injury. 8, 9, 29, 30 Chloroquine treatment reduced hepatic HMGB1 translocation and serum levels in the early phase. HMGB1 release induced the synthesis of proinflammatory cytokines and caused further liver damage in liver after I/R injury. 8, 9 Treatment with a neutralizing antibody to HMGB1 significantly decreased liver I/R injury. 9 These data suggest that the inhibition of hepatic HMGB1 translocation and subsequent release is involved in the hepatoprotective effect of chloroquine in the early phase of reperfusion.
To gain further insight into the mechanisms inducing the protective effect of chloroquine, its influence on the activation of MAPK signaling pathways was studied. It was recently demonstrated that the activation of MAP kinase pathways have a major role in liver I/R injury. 25 Chloroquine inhibits these signaling pathways in monocytes, macrophages and epithelial cells. 13, 31, 32 Chloroquine inhibited the activation of p38 and ERK, leading to the suppression of cytokine production caused by CpG DNA. 13, 32 In this study, we was protective in hepatocytes. 33 Conversely, JNK activation is a deleterious even in hypoxic hepatocytes via the mitochondrial permeability transition (MPT), and inhibition of JNK activation decreases both necrosis and apoptosis in liver I/R. 34 Taken together, these data suggest that modulating of MAP kinase activation is also involved in the hepatic protective effects of chloroquine.
To elucidate the molecular basis of chloroquine-mediated injury in the late phase in liver I/R injury, we investigated its effect on the activation of autophagy. Autophagy is a highly conserved regulated cellular process by which cytoplasmic constituents, including organelles are broken down and are recycled through the lysosomal degradation pathway. 23, 24 The execution of autophagy involves a set of evolutionarily conserved autophagy-related gene (Atg) proteins, which are required for the induction of autpophagy, and the generation, maturation, and recycling of autophagosomes. 35 LC3, a homologue of yeast Atg8, exists in two forms, LC3-I and its proteolytic derivative LC3-II. After synthesis, pro-LC3 is cleaved by Atg4B to expose a C-terminal glycine residue, which represents the cytosolic LC3-I form. LC3-1 is subsequently conjugated with phosphatidylethanolamine to become LC3-II, which localizes on the isolation membrane and the autophagic membranes. As the amount of LC3-II correlates with the number of autophagosomes, LC3-II thus can be used to estimate autophagic activity. 36 p62 is selectively incorporated into autophagosomes via direct binding to LC3 and is identified as one of the specific substrates that degrade through the autophagy-lysosomal pathway. Thus, the total cellular expression levels of p62 inversely correlate with autophagic activity. 36 Chloroquine has been recently used to inhibit autophagy in vivo without noticeable side effects. Chloroquine raises the lysosomal pH, which leads to inhibition of lysosome-autophagosome fusion and lysosomal protein degradation. In this study, chloroquine blocked autophagic flux as shown by LC3-II and P62 accumulation and aggravated liver I/R injury after reperfusion. Impaired autophagy leads to the development of MPT in hypoxic hepatocytes. 37 Onset of the MPT leads to a pH-dependent necrotic cell death as well as apoptotic cell death by releasing proapoptotic proteins factors, which are normally sequestered in the mitochondrial intermembrane space. [38] [39] [40] Indeed, induction of autophagy is associated with attenuation of I/R injury in liver, as demonstrated recently. 21, 41, 42 As treatment with chloroquine significantly decreased autophagy and worsened liver injury, we concluded that the decreased autophagy accounted, in part, for the hepatic harmful effects of chloroquine in the late phase after reperfusion.
Apoptotic cell death has a prominent role in the evolution of organ damage following liver I/R. 43 It has been shown that inhibition of autophagy triggers apoptosis. 20 Apoptosis is defined as suicidal cell death with a particular morphology involving nuclear chromatin condensation, and triggered by activation of either extrinsic (death receptor-mediated) or intrinsic (mitochondrial-associated) death pathways. Recent studies have suggested possible molecular mechanisms for crosstalk between autophagy and apoptosis. [44] [45] [46] Bcl-2 family proteins, the well-characterized apoptosis regulators, has recently become clear that they reduce Beclin 1-mediated autophagy by inhibiting the formation of the Beclin 1-hVps34 PI3K complex and Beclin 1-associated class III PI3K activity. 44 It has been demonstrated that inhibition of autophagy by chloroquine prevents the fusion of autophagosomes with lysosomes via a disruption in the pH of acidic vesicles. Thus, the increased cellular burden of autophagosomes has been shown to precede and possibly induce Bax-and mitochondrial-dependent apoptosis. [17] [18] [19] [20] These previous results led us to investigate whether chloroquine could also increase hepatic apoptosis after I/R injury. Our results showed that chloroquine treatment increased apoptotic cell death as indicated by increased I/Rinduced caspase protein cleavage. Together, these data suggest that chloroquine-mediated hepatic harmful effects may involve induction of apoptosis.
In summary, we demonstrate that chloroquine could prevent ischemic liver damage in the early phase, but aggravated liver damage in the late phase of liver I/R injury. The mechanism of protective action of chloroquine in the early phase seems to be related to its ability to decrease inflammatory cytokines and HMGB1 release, and to alter I/R-induced MAP kinase activation. The harmful side effects of chloroquine in the late phase appear to involve its ability to induce apoptosis and to inhibit autophagy. These data suggest that the dual role of chloroquine should be considered when using chloroquine as an inhibitor of inflammation or autophagy in I/R injury.
Materials and Methods
Experimental design. The experiments were designed to investigate the effects of chloroquine administration on rat hepatic I/R injury. Rats were treated with chloroquine (60 mg/kg, i.p.) 1 h before warm ischemia, and they were continuously subjected to a daily chloroquine injection for up to 2 days. Rats were killed 0.5, 6, 24 and 48 h after reperfusion. Liver injury, inflammatory cytokines, hepatic HMGB1 expression and release, MAP kinase activation, autophagy and apoptosis were analyzed.
Animals. Male inbred Lewis rats, purchased from Charles River Laboratories (Sulzfeld, Germany), weighing within 250-320 g, were used in this study. All animals were housed under standard animal care conditions and had free access to water and rat chow ad libitum. All procedures were carried out according to the German Animal Welfare Legislation. 
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Dual role of chloroquine in liver I/R injury H Fang et al Chloroquine administration. Chloroquine (Sigma-Aldrich, C6628, St. Louis, MO, USA) was dissolved in normal saline solution. Rats (n ¼ 6 per group) were pre-treated with chloroquine (60 mg/kg, i.p.) 1 h before warm ischemia, followed by an additional chloroquine injections at 24 h after reperfusion. Animals surviving 0.5, 6 and 24 h after reperfusion received one injection. Animals surviving 48 h after reperfusion received two injections.
Partial hepatic warm I/R. Partial hepatic warm I/R model was performed as described previously. 8 In brief, after opening the abdomen with a transversal incision, interlobular ligaments were dissected. A micro vascular clamp was used to interrupt the arterial and portal venous blood supply to the left lateral and median liver lobes for 60 or 90 min.
Hepatocellular damage assay. To assess liver damage, serum AST and ALT were measured using an Automated Chemical Analyzer (Bayer Advia #1650; Leverkusen, Germany).
Histopathology. Liver tissue was fixed in 4.5% buffered formalin and embedded in paraffin. Sections (4 mm) were cut and stained with hematoxylineosin. Histological evaluation was performed using a semiquantitative scoring system.
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HMGB1 immunohistochemistry. HMGB1 immunohistochemical analysis was performed as described previously. 29 Briefly, after deparaffinization, rehydration, antigen retrieval and blocking, sections were then incubated with HMGB1 antibody (1 : 500; Abcam, #ab18256, Cambridge, UK) for 1 h at room temperature. Detection was performed by using PowerVision goat-anti-Rabbit-AP (ImmunoLogic, DPVR-110AP, Duiven, the Netherlands) and using Fast-red (Abcam, #ab64254) as substrate.
Gel electrophoresis and western blotting. Twenty micrograms total protein were separated on 12% gels by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinyldifluoride membranes (GE Healthcare, #28906837, Buckinghamshire, UK). Antibodies against phosphorylated or total ERK (1 : 1000; Cell Signaling Technology, p-ERK, #4370, ERK, #4695, Beverly, MA, USA), JNK (1 : 1000; Cell Signaling Technology, p-JNK, #9251, JNK, #9252) and p38 (1 : 1000, Cell Signaling Technology, p-p38, #9211, p38, #9212); and anti-caspase-3 (1 : 1000; Cell Signaling Technology, #9662), caspase-7 (1 : 1000; Cell Signaling Technology, #9492), LC3 (1 : 1000; Abcam, #ab48394), SQSTM1/ p62 (1 : 1000; Cell Signaling Technology, #5114), as well as anti-glyceraldehyde-3-phosphate dehydrogenase (1 : 20 000; Sigma-Aldrich, #G9545) were used for western blot analysis. The gray value of bands was calculated by ImageJ 1.43 G (NIH, Bethesda, MD, USA).
Enzyme-linked immunosorbent assay. Serum HMGB1 was determined with a commercial ELISA assay (Shino-Test, ST51011, Kanagawa, Japan). All procedures were performed according to the instructions of the manufacturer.
Quantitative polymerase chain reaction (PCR). Total RNA was extracted from liver tissue using the RNeasy kit (Qiagen, #74106, Hilden, Germany) and was reverse-transcribed into complementary DNA (cDNA) using the First-Strand cDNA synthesis kit (Invitrogen, #18080051, Carlsbad, CA, USA). Primers and probes (Table 2) were mixed with Brilliant probe-based QPCR Master Mix (Agilent, #600881, Santa Clara, CA, USA) and then diluted with distilled deionized H 2 O up to 20 ml. PCR amplification was performed on an Mx3000P QPCR System (Stratagene, La Jolla, CA, USA). Amplification conditions were: 95 1C for 5 min, followed by 50 cycles of 95 1C for 30 s and 60 1C for 20 s. Relative quantification of target mRNA expression was calculated and further normalized to hypoxanthine-guanine phosphoribosyltransferase (HPRT).
Statistical analysis. Data were expressed as means±S.D. Differences between groups were evaluated for significance by one-way ANOVA analysis. All tests were performed using SigmaStat v3.5 (Systat-Software, Erkrath, Germany). A P-value below 0.05 was considered statistically significant.
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